A Sensitive Method for Quantification of Vesicular Stomatitis Virus Defective Interfering Particles: Focus Forming Assay
(Accepted I I December I979) SUMMARY A focus-forming assay for the quantification of defective interfering (DI) particles of vesicular stomatitis virus (VSV) is described. This assay is based on the procedure described for lymphocytic choriomeningitis (LCM) virus by Popescu et al. 0976 ). Under appropriate conditions this focus-forming assay can quantify fewer than too DI particles/ml in a preparation containing a large number of infectious particles.
Many animal viruses have been shown to generate defective interfering (DI) particles (Huang & Baltimore, ~97o; Huang, I973) . One of the unique properties of these particles is their ability to interfere with the replication of homologous standard virus particles (Huang & Baltimore, r97o) . One of the viruses used most extensively for the study of DI particles is vesicular stomatitis virus (VSV). In spite of extensive work in this area, many fundamental questions regarding DI induction and autointerference remain unanswered. One of the problems in this field deals with the quantification of biologically active DI particles. This is more evident when one has to quantify these particles in a preparation containing very large numbers of standard infectious particles.
The most widely used biological assay for the quantification of DI particles is the yield reduction assay described by Bellett & Cooper 0959 ). This assay is based on the ability of DI particles to interfere with the replication of the standard virus particle However, this procedure does not allow detection of very small numbers of DI particles. The present report describes a focus-forming assay for VSV-DI particles which is an adaptation of the procedure described for lymphocytic choriomeningitis (LCM) virus by Popescu et al. (;976) . This assay is markedly more sensitive than the yield reduction assay and allows quantification of a relatively small number of DI particles in a preparation containing a large number of infectious particles.
African green monkey kidney (BGM) and mouse L cells were grown in Eagle's minimal essential medium (MEM) containing 4 or IO% foetal calf serum as described previously (Thacore, I976; Winship & Thacore, I979) . The Indiana strain of VSV (plaque purified) was grown in L cells using a low m.o.i, and infectivity was assayed by plaque formation on primary chicken embryo cell monolayers (Youngner et al. 1966 ). Stocks of VSV-DI particles were prepared by serial undiluted passages of VSV in BGM cell cultures as described in detail previously (Winship & Thacore, I979) . Under these experimental conditions, the third serial undiluted passage contained the maximum number of DI particles (interfering units, IU) as estimated by the yield reduction procedure of Bellett & Cooper 0959) .
Initial experiments were conducted to determine whether the interference focus-forming assay described for LCM virus by Popescu et al. 0976) could be adapted for the quantification of VSV-DI particles. A preparation containing r'o x lO T IU/ml and 2.I x Io T p.f.u./ ml was used for these experiments. Confluent BGM cell monolayers in 6o mm Petri dishes (2.o x to 6 cells) were infected with o'5 ml of serial io-fold dilutions of this DI preparation in the usual manner. Additional standard infectious virus, devoid of detectable DI particles,
Short communications was added to each culture to ensure an input m.o.i, ofo.I. The total volume of the inoculum was constant for all cultures and did not exceed ~.o ml. After a I h adsorption period at 37 °C, the cultures were washed to remove the inoculum and overlaid with o ' 4 % agarose containing nutrients. All cultures were incubated for 48 h at 37 °C, then 4"o ml of medium containing Io% foetal calf serum was added to each and they were re-incubated for an additional 48 h at 37 °C. Following this incubation period, the medium was carefully removed without disturbing the agarose and 5.0 ml of 1o% formalin was added to each culture dish. The cells were allowed to fix for 2 h at room temperature and then the agarose overlay was carefully removed without disturbing the monolayer. Each monolayer was then stained with 2% crystal violet in lO% formalin for several minutes, the stain removed and the cultures examined for foci. In control cultures inoculated with VSV alone (m.o.i. = o.I) the lysed cells of the monolayer stained lightly and no foci of cells were observed. In contrast, with cultures inoculated with a IO -6 dilution of VSV-DI particles, darkly stained foci of cells were observed against a light-coloured background of lysed cell monolayer (Fig. I) . Assuming that each focus &cells was the result of a single DI particle interference activity, the number of focus-forming units (f.f.u.) in the preparation used was calculated to be 1.6 x joV/ml. This correlated well with the IU/ml as determined by the yield reduction method of Bellett & Cooper (~959) . These results suggest a close relationship between the DI particle activity (IU) and the f.f.u, as determined by this procedure. Further experiments were conducted to determine the relationship between the number of loci and the concentration of Dl particles in a given preparation. A preparation containing I.o× Io 7 IU/ml and 2-t x jo 7 p.f.u./ml was serially diluted in medium and duplicate cultures of BGM cells were infected in the usual manner, as described in the legend of Fig.  2 . Cultures were incubated and stained as described above and foci counted. The results obtained demonstrated a linear relationship between DI particle concentration and the number of loci obtained (Fig. 2) .
The results presented above demonstrate that VSV-DI particles can be quantified by the focus-forming assay as described for LCM virus (Popescue et al. 1976 ). In the case of VSV, a direct correlation was observed between the f.f. Fig. 2 . A VSV stock, third serial undiluted passage in BGM cells, containing 2q x io 7 p.f.u./ml and I.O × Io 7 IU/ml was used in this experiment. The stock was diluted I : ~ooooo-fold in medium before making serial dilutions to be used for the focus-forming assay. Duplicate BGM cell monolayers were infected in the usual manner and additional infectious VSV particles added to ensure an input m.o.i, of oq, Further manipulations were carried out as described in the text. The number of foci were counted and plotted against the relative concentration of defective interfering particles present in each dilution. and the interference activity of DI particles as measured by the yield reduction method. However, the focus-forming assay is at least several hundred-fold more sensitive than the yield reduction assay procedure. We have recently reported that the use of u.v. irradiation to reduce infectivity by about IOOO-fold before assay can detect about 3"5 x io 4 DI particles/ ml in a preparation containing about 2.0 x ~o s p.f.u./ml using the yield reduction method (Winship & Thacore, I979) . Using the focus-forming assay, it may be possible to quantify as few as 50 to IOO DI particles in a similar preparation. Monolayers containing larger numbers of cells can be utilized to detect even fewer DI particles in a given preparation. This focus-forming assay can be helpful in determining very small numbers of DI particles in stock preparations of VSV. This work was supported by Public Health Service Grant 15o-E-2 I oH. 
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